In this paper we investigate the statistical properties of the Tully-Fisher relation for a sample of 32 galaxies with measured distances from the Cepheid period-luminosity relation and/or TRGB stars. We take advantage of panchromatic photometry in 12 bands (from FUV to 4.5 µm) and of spatially resolved Hi kinematics. We use these data together with three kinematic measures (W i 50 , V max and V f lat ) extracted from the global Hi profiles or Hi rotation curves, so as to construct 36 correlations allowing us to select the one with the least scatter. We introduce a tightness parameter σ ⊥ of the TFr, in order to obtain a slope-independent measure of the goodness of fit. We find that the tightest correlation occurs when we select the 3.6 µm photometric band together with the V f lat parameter extracted from the Hi rotation curve.
INTRODUCTION
The Tully-Fisher relation (TFr) is a power-law correlation between the luminosity and the rotation velocity of latetype galaxies (Tully & Fisher 1977) . It was empirically established as a powerful tool to measure distances to galaxies independently from their redshift. Knowing only a galaxy's rotational velocity from the width of its neutral hydrogen (Hi) line profile, one can recover the distance modulus to this galaxy by inferring the total intrinsic luminosity from a calibrator sample. Thus, to obtain accurate distances, a number of studies of the statistical properties of the TFr were done in the past, aiming to reduce as much as possible the observed scatter in the relation, e.g. the Cosmic Flows programme (Courtois et al. 2011; .
Understanding the origin of the TFr is one of the main challenges for theories of galaxy formation and evolution. From a theoretical point of view, a perfect correlation between the intrinsic luminosity and rotational velocity of a galaxy is currently explained as a relation between the hosting dark matter halo and its baryonic content, assuming a E-mail: ponomareva@astro.rug.nl direct link between luminosity and baryonic mass. The detailed statistical properties of the TFr provide important constraints to semi-analytical models and numerical simulations of galaxy formation (Navarro & Steinmetz 2000; Vogelsberger et al. 2014; Schaye et al. 2015; Macciò et al. 2016) . It is thus an important test for any theory of galaxy formation and evolution to reproduce the slope, scatter and the zero point of the TFr in different photometric bands simultaneously. The TFr can also constrain theories about the distribution of mass within galaxies, e.g. it was shown by Courteau et al. (2003) that barred and unbarred galaxies follow the same TFr, even though barred galaxies could be less dark matter dominated within their optical radius (Weiner et al. 2001) .
Over the past decades, the scatter in the observed TFr has been decreased significantly by more accurate photometric measures. As first suggested by Aaronson et al. (1979) , the TFr can be tightened by moving from optical to NIR bands, where the old stars peak in luminosity and provide a good proxy for the stellar mass of the galaxies (Peletier & Willner 1991) . The advent of infra-red arrays shifted photometry to the JHK bands and then to space-based infrared photometry, e.g. with the Spitzer Space Telescope (Werner et al. 2004 ). However, despite the obvious advantages of deep near-infrared luminosities, it is still not clear at which NIR wavelengths the smallest scatter in the TFr can be achieved. For example, Bernstein et al. (1994) , using 23 spirals in the Coma cluster found that the H-band TFr does not have less scatter than the I-band relation. Sorce et al. (2013) claim that the 3.6 µm TFr has even larger scatter than the Iband TFr (Tully & Courtois 2012, hereafter TC12) . In fact, accurate infrared photometry led to the point where the measurement errors on the total luminosity can no longer explain the observed scatter. Yet, sofar, very little attention has been given to improving the measurements of the rotation velocity which is, as mentioned before, thought to be strongly related dynamically to the dark matter halo. Notably, the width and shape of the global Hi profile are determined by the detailed distribution of the Hi gas in the disk, the shape of a galaxy's rotation curve, and the presence of non-circular motions and/or a warp. It is impossible to take into account all these important aspects while inferring the rotational velocity of a galaxy from the integrated global Hi profile. This notion has motivated observational studies which took advantage of optical rotation curves, using Hα long slit spectroscopy (Rubin et al. 1980 (Rubin et al. , 1985 Pizagno et al. 2007 ). However, the rotational velocity at the optical radius does not probe the dark matter halo potential properly, since the data do not extend far enough in radius. Of course, for an axisymmetric galaxy with a monotonically rising rotation curve that reaches a constant flat part in a non-warped outer gas disk, the rotational velocity is reasonably well-defined and can be estimated from the corrected width of the global Hi profile. Unfortunately, galaxies often are not that well-behaved and the column-density distribution and kinematic structure of their gas disks may significantly affect the shape and width of the global Hi profiles, introducing errors on the derived rotational velocity that can not be corrected for without further information.
Detailed studies of galaxy rotation curves using 21-cm aperture synthesis imaging (Bosma 1981; van Albada et al. 1985; Begeman 1989; Broeils & van Woerden 1994; Verheijen 2001; Swaters et al. 2002; Noordermeer 2006; de Blok et al. 2014) , show that the shape of the rotation curve strongly depends on the morphology and surface brightness of the galaxy, introducing deviations from the classical flat rotation curve. For instance, it is well-known that late type dwarf galaxies have slowly rising rotation curves. In this case the observed maximal rotational velocity (Vmax) will underestimate the velocity of the halo, simply because the rotation curve is not reaching the flat part (V f lat ). The other extreme case are massive early-type spirals, which usually show a fast rise of the rotation curve until the maximum velocity (Vmax) is reached, usually within the optical disk, beyond which the rotation curve significantly declines, reaching the flat part with much lower velocity (Bosma 1981; Casertano & van Gorkom 1991; Verheijen 2001; Noordermeer 2006) . In this case, the mass of the halo, if derived using Vmax, will be overestimated for the most massive galaxies, which can cause a curvature in the TFr (Neill et al. 2014) . It was shown by Verheijen (2001) with a study of spiral galaxies in the Ursa Major cluster, that the statistical properties of the TFr depend on the shape of the rotation curves, and that the observed scatter is reduced significantly when extended Hi rotation curves are available to substitute the corrected width of the global Hi profile with V f lat from the rotation curve as a kinematic measure. It is very important to realise that the literature contains many observational results on the TFr which are often inconsistent with each other. This is largely due to different corrections applied to the observables, e.g. for extinction or inclination, due to different photometric systems, due to different observing techniques or due to different samples. This makes it very complicated to compare the various studies in a simple manner. In this paper we establish TFrs based on a homogeneous analysis of imaging data obtained in 12 photometric bands from UV to IR (the detailed photometric analysis will be presented in a companion paper), while taking advantage of spatially resolved Hi kinematics as reported in Ponomareva et al. (2016) , hereafter Paper I. We study the statistical properties of the TFr to investigate the link between the host dark matter DM halo and the various stellar populations of galaxies, which peak in different bands. Such a homogeneous analysis allows us to obtain a better understanding of the physical phenomenon of the TFr, especially as a tool to study the internal structure of galaxies. This paper is organised as follows: Section 2 describes the sample of calibrator galaxies. Section 3 describes the collected photometric data. Section 4 describes the Hi data. Section 5 summarises the corrections which were applied to the observables. Section 6 discusses the statistical properties of the constructed TFrs. Section 7 presents the summary and concluding remarks.
THE SAMPLE
In our study we are interested in the slope and intrinsic tightness of the TFr. We are not aiming to maximise the number of galaxies in the sample, but rather to increase the quality of the kinematic measures for a representative sample of galaxies with independent distance measurements. Thus, we analysed aperture synthesis imaging Hi data to derive high-quality rotation curves (Paper I). The independent distances to our galaxies were measured from the Cepheid period-luminosity relation (Freedman et al. 2001) or/and from the tip of the red giant branch (Rizzi et al. 2007) and are provided by The Extragalactic Distance Database (EDD) (Tully et al. 2009 ). Independently measured distances reduce the error in the absolute magnitude of a galaxy and therefore reduce the impact of distance uncertainties on the observed scatter of the TFr. For example, in our case, distance uncertainties contribute only σ dist = 0.07 mag to the total observed scatter of the TFr, which is much lower in comparison with σ dist = 0.41 mag if the Hubble-flow distances are adopted. We adopt a sample of 32 large, relatively nearby galaxies from the zero point (ZP) calibrator sample described in TC12. Their selection criteria for galaxies included in the sample completely satisfy our requirements: 1) morphological types Sab and later (Figure 1) , 2) inclinations no less than 45
• , 3) Hi profiles with adequate S/N, 4) global Hi profiles without evidence of distortion or blending. Their selection criteria give us confidence that the adopted galaxies are kinematically well-behaved with regularly rotating, extended Hi disks. In Paper I it was found that this confidence was largely justified, but that the corrected width of the global Hi profile is not always an accurate representation of V f lat . Global parameters of the sample galaxies are summarised in Table 1 .
PHOTOMETRIC DATA
To study the wavelength dependence of the statistical properties of the TFr requires not only a representative sample, but a systematic, homogeneous approach in deriving the main photometric properties of galaxies. We use 12 bands per galaxy (FUV, NUV, u, g, r, i, z, J, H, Ks, 3.6, 4.5 µm) for 21 galaxies, and 7 bands for the remaining 11 galaxies in our sample due to the absence of SDSS imaging data. This broad wavelength coverage allows us to measure the relative luminosity of old and young stars within a galaxy and to perform SED fits in a forthcoming paper to estimate their stellar masses. The F U V and N U V images were collected from the various Galaxy Evolution Explorer (GALEX, Martin et al. 2005) space telescope data archives. Since young, stars which peak in UV, have a very low contribution to the total mass of a galaxy, a very large scatter in the UV-based TFrs might be expected. Nevertheless, we consider these bands in our study as well.
To obtain optical photometry, we use the SDSS Data Release 9 (DR9, Ahn et al. 2012 ), but note that SDSS photometry is only available for 21 galaxies in our sample. Therefore we consider TFrs in the SDSS bands for a smaller number of galaxies. However, we point out that the SDSSsubsample still spans a wide luminosity range.
We collected a wide range of NIR images: J, H, Ks bands from the Two-Micron All Sky Survey (2MASS, Skrutskie et al. 2006 ) and 3.6 µm and 4.5 µm from the Spitzer Survey for Stellar Structure in Galaxies (S 4 G, Sheth et al. 2010) . All data were gathered from the IRSA archive.
Total Magnitudes
All data were homogeneously analysed and the total magnitudes were derived for every galaxy in each band.
First, the aperture magnitudes (map) were calculated by integrating the surface brightness profile (SBP) in each band within a fixed radius (R lim ). R lim was chosen after a visual inspection of every profile, as the largest radius at which the surface brightness (µ lim ) is still reliable. Given the varying quality of the data, R lim may differ for various bands. In Figure 2 the SBPs are shown for NGC 3351 in all bands within their R lim .
Then, linear fits were made to the outer part of each SBP (except for the 2MASS data 1 ), which characterises the exponential drop of surface brightness of a galaxy due to the disk component. The radial range within which the fit was made was identified through visual inspection and is shown in Figure 2 with vertical arrows. This procedure is in essence the "mark the disk" procedure described by de Jong (1996) . We assume that beyond R lim the SBP continues to drop exponentially without any truncations and/or breaks. Under this assumption Tully et al. (1996) showed that the extended magnitude does not depend on the scale length of the disk or on the ellipticity of the galaxy, but only on the number ∆n of disk scale lengths within R lim . Hence it can be calculated as :
with ∆n = (µ lim − µ0)/1.086.
Then, the total magnitudes follow from mtot = map + mext. Note that the detailed photometric analysis and final data products will be presented in a companion paper.
HI DATA
We are interested in studying the statistical properties of the TFr at various wavelengths based on rotational velocities derived from global Hi profiles and high-quality rotation curves. The ideal data for this work are Hi radio aperture synthesis imaging data which provide the global Hi profiles, as well as the spatially resolved rotation curves.
We collected the Hi radio synthesis-imaging data for 29 galaxies from the literature. Most of these galaxies were observed previously as part of larger Hi surveys (THINGS, WHISP, HALOGAS, etc) . We observed the remaining three galaxies with the Giant Radio Metrewave Telescope (GMRT) in March 2014. All data cubes were analysed homogeneously and the following data products were delivered for all 32 galaxies in our sample: global Hi profiles, integrated Hi column-density maps, Hi surface-density profiles and high-quality rotation curves derived from highlyresolved, two-dimensional velocity fields.
These data products, along with a detailed description of the observations, data reduction and analyses, are presented in Paper I. Here, we summarize the relevant kinematic information, obtained from these Hi data.
1 2MASS survey images are too shallow and the SBPs do not extend enough to apply the method of recovering the total light as described above. Therefore, for J, H, K and 3.6 µm bands we constructed the growth curves and measured the colours J −[3.6], H − [3.6] and K − [3.6] at the last reliable measured point of the growth curves of the 2MASS bands within the same radius. We fixed these colours and calculated 2MASS total magnitudes as
, where R lmp is the radius at which the last measure point of the 2MASS band was measured. . Rotation curves morphology distribution within the sample. The light hatched region shows galaxies with declining rotation curves. The dark shaded area corresponds to galaxies with rising rotation curves.
Rotational velocities
There are several methods to measure the rotational velocities of spiral galaxies using Hi data. First, from the width of the Hi 21cm line profile, where the corrected width of the profile relates to the rotational velocity as W i = 2Vrot. Second, from the spatially resolved Hi velocity fields which allow the derivation of the high-quality rotation curves. While the former is much faster to obtain observationally with singledish telescopes and can therefore be used for a large number of galaxies, the latter provides valuable extra information.
Amongst others, Verheijen (2001) showed that rotation curves of spiral galaxies have different shapes, which mostly depend on the morphological type and luminosity of a galaxy. The advantage of our sample is that it covers all types of rotation curves: rising (Rrc) for dwarf galaxies (Vmax < V f lat ), classical flat (Frc) for the intermediate types (Vmax = V f lat ), and declining (Drc) for the early-type spirals (Vmax > V f lat ). The "family" of rotation curves of our sample is shown in Figure 3 . Moreover, Figure 4 demonstrates that declining rotation curves tend to belong mainly to massive early-type spirals, while rising rotation curves are common for late type galaxies (Casertano & van Gorkom 1991; Verheijen 2001; Noordermeer et al. 2007; Oh et al. 2008; Swaters et al. 2009; de Blok et al. 2014) .
To quantitatively describe the shape of a rotation curve, we measure the slope of the outer part of a rotation curve between the radius at 2.2 disk scale lengths, measured from the 3.6.µm surface brightness profile (SBP), and the outermost point:
where V 2.2h and V lmp are the rotational velocities at the radius equal to 2.2h (R 2.2h ) and at the radius of the last measured point (R lmp ). Thus, a slope equal to zero belongs to a flat rotation curve, a positive slope to a rising rotation curve and a negative slope to a declining rotation curve. Figure 5 demonstrates S 2.2h,lmp as a function of global galactic properties. There are prominent correlations with Hubble type, as was suggested earlier (Figure 4) , and with the absolute magnitude. In grey we show a compilation of various samples from previous studies (Casertano & van Gorkom 1991; Verheijen & Sancisi 2001; Spekkens & Giovanelli 2006; Noordermeer et al. 2007; Swaters et al. 2009 ), to point out that our sample is not in any way peculiar and follows the same trends found in previous studies. Table 2 . Results from the Hi kinematics analysis. Column (1): galaxy name; Column (2): systemic velocity; Column (3): width of the global Hi profile at 50% level; Column (4): maximal rotational velocity; Column (5): rotational velocity of the flat part of rotation curve. Column (6): slope of the outer part of the rotation curve.
of the rotation curve in several cases. First, a boxy or Gaussian shape profile is an indication for a rising rotation curve for which the velocity of the dark matter halo is underestimated from the profile width. In these profiles, the classical double peak is missing because the constant, flat part of the rotation curve is not sampled by an extended Hi disk. In its turn, the classical double peak profile gives an indication that the rotation curve of a galaxy will reach its flat part. Figure 6 demonstrates the difference in the velocity obtained using W i 50 (corrected for inclination), compared to Vmax (upper panel) and V f lat (bottom panel) as derived from the rotation curves. It is clear that the main outliers are the galaxies with either rising (blue) or declining (red) rotation curves. Thus, the rotational velocity measured from W i 50 will be underestimated in comparison with Vmax, and overestimated in comparison with V f lat . Therefore, one should take into account that the rotational velocity derived from the width of the global profile may differ from the velocity measured from the spatially resolved rotation curve. with 2Vmax (upper panels) and 2V f lat (bottom panels). Blue symbols indicate galaxies with Rrc (Vmax < V f lat ) and red symbols indicate galaxies with declining rotation curves (Vmax > V f lat ). Green symbols show flat rotation curves (Vmax = V f lat ).
CORRECTIONS TO OBSERVABLES

Photometry
As a photometric measure for the TFr we use the corrected absolute total magnitudes M
where mT (λ) is the apparent total magnitude (Section 3.1), A λ i is the internal extinction correction, A λ b is the Galactic extinction correction and DM is the distance modulus, based on the distance given in Table 1 . It is important to note, that we not only measure the total magnitudes for all galaxies in each band in the same manner, we also use the same methods to apply corrections due to the Galactic and internal extinction, therefore we can perform a fair comparisons between the TFrs in various bands. The detailed analysis of the photometrical corrections can be found in a forthcoming companion paper.
Hi kinematics
In this section we summarize the main corrections that were applied to the kinematic measures. The global Hi linewidths were corrected for:
(i) Instrumental broadening, which depends on the instrumental velocity resolution and on the steepness of the wings of the velocity profile, following Verheijen & Sancisi (2001) .
(ii) Turbulent motions, which depend on the level at which the width of the profile was measured (20% or 50% of the peak flux, Verheijen & Sancisi 2001) . Figure 6 demonstrates the difference between the corrected (right panels) and non-corrected (left panels) widths of the integrated Hi profile and the velocity derived from the rotation curve.
(iii) Inclination, according to the formula W Prior to the rotation curve derivation, the Hi velocity fields were censored for skewed velocity profiles (high h3). A skewness of the velocity profiles might be present mostly due to beam-smearing and non-circular motions. Thus, censoring for high values of h3 allowed us to derive high-quality rotation curves, representing the actual rotational velocity of a galaxy as a function of radius, not affected by the effects mentioned above. Further details can be found in Paper I.
THE TULLY-FISHER RELATIONS
In this section we present the statistical properties of the multi-wavelength TFrs using the different kinematic measures W i 50 , Vmax and V f lat . We first discuss the fitting method. We then discuss the slope and vertical scatter (σ) of the TFrs and introduce the slope independent tightness (σ ⊥ ) of the TFrs. We conclude with a search for a 2 nd parameter that may correlate with the residuals.
Fitting method
The study of the statistical properties of the TFr requires establishing the slope and zero point of the relation. However, there is no general agreement which fitting method is best suited. For example, it was shown that the slope of the TFr is affected by a Malmquist bias (TC12) which can be resolved by applying an inverse least squares regression (Willick 1994) . Moreover, it is important to note that the vertical scatter of the TFr, which is crucial for the distance measure, is highly dependent on the slope. Thus, an intrinsically tight TFr may introduce a larger vertical scatter due to Table 4 . Vertical scatter of the TFrs in different photometrical bands measured in magnitudes and in dex. Column (1): photometric band; Column (2)-Column(4): scatters of the TFrs based on W i 50 , Vmax and V f lat , measured in magnitudes; Column (5)-Column(7): tightnesses of the TFrs based on W i 50 , Vmax and V f lat , measured in dex.
a steeper slope (Verheijen 2001 ). As we are interested in the tightness of the TFr, while the Malmquist bias is minimal for our sample, we apply an orthogonal regression where the best-fit model minimises the orthogonal distances from the points to the line. We apply a fitting method allowing for bivariate correlated errors and an intrinsic scatter (BCES, Akritas & Bershady 1996) , using the python implementation developed by Nemmen et al. (2012) . The main advantages of this method are that it takes errors in both directions into account, it permits the measurement errors of both variables to be dependent (for example uncertainties due to the inclination) and it assigns less weight to outliers and data points with large errors. In order to accurately calculate the (intrinsic) scatter and tightness of the relations, the following measurement uncertainties were taken into account:
(i) the errors in total magnitudes M b T , i(λ) due to the sky background, distance uncertainties and the uncertainty in the photometric zero-point.
(ii) the errors on the rotational velocity measures Vmax, V f lat and W i 50 , see Table 2 . (iii) the error on the kinematic inclination which affects both the internal extinction correction and the kinematic measure, introducing covariance in the errors.
Slope, scatter and tightness
We measure the slope, scatter and tightness of the TFrs in 12 different bands with different kinematic measures, using the weighted orthogonal regression fit and taking correlated errors in both directions into account. It is important to point out that the comparisons are made for the samples with different numbers of galaxies: 32 for the UV and IR bands and 21 for the SDSS bands (see Section 3). However, we present the comparisons for the SDSS subsample of 21 galaxies for all bands in Appendix A.
It has been suggested for some time that the slope of the TFr steepens from blue to red wavelengths (Aaronson et al. 1979; Tully et al. 1982; Verheijen 2001) . We confirm this result by our study, which covers a much broader wavelength range. The variation of the slope with passband is presented in Figure 7 . Our result suggests that the slope as a function of wavelength in the mid-infrared bands stays more or less constant. Moreover, the TFr based on V f lat is always showing the steepest slope in every passband (Fig- ure 7). The steepest slope is found in the K -band and is consistent with −10 mag or 4 dex.
The vertical scatter (σ) in every passband was measured using each of the three velocity measures W i 50 , Vmax and V f lat . The total observed scatter was calculated according to the following equation:
where
and where Vcirc stands for one of the three velocity measures W i 50 , 2Vmax or 2V f lat , a and b are the fitted slope and zero point of the relation respectively, and N − 1 is the number of degrees of freedom. Errors on the scatter were estimated following a full error propagation calculation. The vertical scatter in magnitudes, which is relevant for distance measurements, is shown in Figure 8 as a function of wavelength. It is clear from Figure 8 that the vertical scatter is roughly constant in the mid-IR bands, suggesting that there might be no preference for which mid-IR band to use as a distance indicator. Therefore, preference should be given to the one which suffers least from dust extinction and non-stellar contamination. However, one can argue that the r-band TFr based on W i 50 should be used as a distance estimation tool, since it demonstrates the smallest vertical scatter. Interestingly, Verheijen (2001) had found a very similar result. Yet, it is important to keep in mind that the vertical scatter is a slope-dependent measure, and an intrinsically tight TFr will demonstrate a large vertical scatter if the slope of the relation is steep. Moreover, it is remarkable that for the U V and optical bands (F U V to z) the vertical scatter may be smaller when the relation is based on W i 50 , with the smallest scatter of σ = 0.23 mag in the r band. However, for the redder bands (J to 4.5µm) the smallest vertical scatter σ = 0.33 mag is found in the 3.6 µm band TFr based on 2V f lat . This is due to the fact that when the relation is based on 2V f lat , the slope steepens more significantly for the U V and optical bands than for the infrared.
The tightness (σ ⊥ ) of the TFr is the perpendicular scatter between the data points and the linear model, which provides information on how "tight" the data are spread around slope= -9.52 σ =0.33 σ ⊥ =0.036 Figure 10 . The 3.6 µm TFrs based on the different kinematic measures W i 50 -left, Vmax -middle and V f lat -right. Green symbols show flat rotation curves (Vmax = V f lat ), and red symbols indicate galaxies with declining rotation curves (Vmax > V f lat ). Blue symbols indicate galaxies with rising rotation curves (Vmax < V f lat ). These galaxies were not included when fitting the model. the regression line. It is slope independent and has been recently used for testing galaxy formation and evolution models (Papastergis et al. 2016) . Therefore, the tightness provides important information on the intrinsic properties of the TFr. We calculate tightness using the following formula:
where N − 2 is the amount of degrees of freedom and di is the perpendicular distance of each point to a model line:
here xi and yi are the coordinates of each measured point, in our case log(L λ /L ) and log(Vcirc) respectively, while a and b are the slope and the zero point of a model line. Errors on the tightness were estimated following a full error propagation calculation. The tightness of the TFr as a function of wavelength is shown in Figure 9 . It is also roughly constant in the mid-IR bands with the tightest correlation at 3.6 µm equal to σ ⊥ = 0.036 dex. Moreover, independently of the (L )-V f lat relation, normalised by the perpendicular errors ⊥,i . The standard normal distribution, which would be expected for a zero intrinsic tightness is shown with a black line. The best-fit to the data, weighted by the Poisson errors, is shown with the dashed line with a standard deviation of 1.87 ± 0.13. photometric band, the TFrs tend to be somewhat tighter when based on 2V f lat (Figure 9) . The values of the statistical properties of the TFrs (slope, zero point, scatter and tightness) can be found in Tables 3, 4 and 5.
6.3 A closer look at the 3.6 µm TFr Figure 10 shows the TFr in the 3.6 µm band based on W i 50 , Vmax and V f lat . According to our fit, the M T,b,i [3.6] -V f lat correlation can be described as :
and the L T,b,i
based on M (3.6µm) = 3.24 mag (Oh et al. 2008) . Here M T,b,i [3.6] is the total magnitude, corrected for Galactic and internal extinction, L T,b,i [3.6] is the luminosity, presented in solar luminosities, and V f lat is the rotational velocity of the flat part of the extended Hi rotation curve in km/s.
Eqn. 7 and Eqn. 8 describe the tightest of the TFrs, with an observed tightness equal to σ ⊥,obs = 0.036 ± 0.010 dex. Without considering the observational errors, σ ⊥,obs presents an upper limit on the intrinsic tightness of the TFr [3.6]−V f lat of σ ⊥,int < σ ⊥,obs = 0.036 dex. This is 0.02 dex smaller than the observed tightness of the Baryonic TFr for gas-rich galaxies, found by Papastergis et al. (2016) -V f lat relation is shown with blue points. The relation using total magnitudes corrected for non-stellar contamination is shown with red points. Right panel:
The correction for non-stellar contamination as a function of rotational velocity 2V f lat .
rotational velocity ( V f lat ,i) of each data point, projected onto the direction perpendicular to the model line:
where a is the slope of the line. The uncertainty on to the distance measurement is included in the error on the total luminosity. For more details on the derivation of Eqn. 9 see Papastergis et al. 2016 (Appendix B) . If the observed tightness of the relation would be only due to the measurement errors, the histogram of d ⊥,i / ⊥,i would then follow a standard normal distribution. Yet, it is clear from Figure  11 that the spread of d ⊥,i / ⊥,i is larger than expected from a standard normal distribution, with a measured standard deviation of 1.87 ± 0.13 (dashed curve). Therefore, a small but non-zero intrinsic perpendicular scatter (σ ⊥ ) is present in the TFr [3.6]−V f lat .
To obtain the best estimate for the intrinsic tightness, we present it as follows :
where σ ⊥,err = 0.025 dex is the perpendicular scatter due to the measurement errors only. Thus, we obtain an estimate for the intrinsic perpendicular scatter σ ⊥,int ∼ 0.026 dex.
It is important to keep in mind that this result depends on how accurately the observational errors can be determined. Therefore, any underestimate of the observational errors will lead to a decrease of the intrinsic tightness and vice versa. As was already mentioned before, previous studies (Meidt et al. 2012; Querejeta et al. 2015) concluded that Spitzer 3.6 µm luminosities represent not only the old stellar population. Up to 30% of the 3.6 µm light might be coming from warm dust which is heated by young stars and re-emitted at longer wavelengths. Moreover, asymptotic giant branch (AGB) stars appear to peak at 3.6 µm as well. To test the effect of contamination by dust and/or AGB stars on the tightness of the TFr, we constructed a subsample of 18 galaxies which were studied as part of the S 4 G analysis by Querejeta et al. (2015) . In this study, the 3.6 µm images were decomposed into stellar and non-stellar contributions using an Independent Component Analysis described in Meidt et al. (2012) . We compared the statistical properties of the TFrs in the observed 3.6 µm band and in the 3.6 µm band corrected for non-stellar contamination, as demonstrated in Table 6 . It is clear that the scatter and tightness of the TFr at 3.6 µm can be slightly reduced if the non-stellar contamination is corrected for, especially when the TFr is based on V f lat as a rotational velocity measure. The very weak correlation between the correction for non-stellar contamination and rotational velocity (Figure 12 , right panel) results in a slight steepening of the TFr slope. However, the difference in the scatter (∆σ = 0.03 mag) and tightness (∆σ ⊥ = 0.004 dex) is too small (∼ 10%) to draw definite conclusions. Hence, a more detailed study of this subject should be done with a larger sample of galaxies for which a decomposition into stellar and non-stellar emission has been performed.
Need for a 2 nd parameter?
For many decades it was suggested that the scatter in the TFr can be reduced by adding a second parameter such as colour, morphological type or velocity dispersion (Rubin et al. 1985; Tully & Pierce 2000; Cortese et al. 2014 ). This parameter is usually derived from the correlations of the Table 6 . Slope, scatter and tightness of the TFrs, constructed for 19 galaxies in the observed 3.6 µm band and in the 3.6 µm band, corrected for the non-stellar contamination. Column(1): name of the parameter; Column (2-4): slope, scatter and tightness of the TFrs in the observed 3.6 µm band (based on different velocity measures); Column (5-7): slope, scatter and tightness of the TFrs in the 3.6 µm band, corrected for non-stellar emission (based on different velocity measures);
residuals of the TFr with global galactic properties. It has been shown that the residuals of the TFr based on W i 50 correlate well with the colour or morphological type of galaxies (Aaronson & Mould 1983; Rubin et al. 1985; Russell 2004) . The correlations are usually found in the blue bands which tend to have much larger scatter, and found to be completely absent in the red bands where the scatter is already very small ( Sorce et al. (2012) found a colour term present in the residuals of the 3.6 µm TFr, which allowed them to reduce the observed scatter by 0.05 mag. We examine the residuals ∆M λ of the TFrs in each band based on V f lat , and investigate possible correlations with global galactic properties such as star formation rate (SFR), central surface brightness, and the outer slope of the rotation curve. First, we consider in detail two extremes ∆MNUV and ∆M [3.6] based on V f lat . From Figure 13 it is clear that while NUV residuals show hints for correlations with all galactic parameters, these hints completely disappear for the 3.6 µm residuals.
To quantitatively describe the strengths of the correlations between TFr residuals and global galactic properties, we calculate Pearson's coefficients r, a measure of the linear correlation between two variables. Figure 14 shows the Pearson's coefficients r as a function of wavelength for the correlations between ∆M λ and various galactic properties such as i − [3.6] colour, the outer slope of the rotation curve (see Section 5.2), central surface brightness at 3.6 µm, star formation rate and morphological type. It is clear from Figure 14 that the Pearson's coefficients do not suggest any strong correlations between residuals of the TFrs and various galactic properties in any band, except for the F U V where a prominent correlation with the i − [3.6] colour is found. This result is in agreement with previous studies for blue bands. However, there is no evidence for a significant correlation between ∆M [3.6] and the i − [3.6] colour (r = −0.29), despite the previous suggestions by Sorce et al. (2012) . Nonetheless, the strength for the correlation between ∆M [3.6] and the i − [3.6] colour was not presented in the Sorce et al. (2012) study, therefore we can not perform a quantitative comparison. In conclusion, we do not find any second parameter, which would help to reduce the scatter in the near-infrared TFr.
SUMMARY AND CONCLUSIONS
In this paper, we present an empirical study of the multiwavelength Tully-Fisher relation, taking advantage of spatially resolved Hi kinematics. This study aims to investigate the statistical properties of the TFrs in 12 photometric bands, using three rotational velocity measures: W i 50 from the global Hi profile, and Vmax and V f lat from highquality, spatially-resolved Hi rotation curves. The galaxies in our sample were selected to have independently measured Cepheid or/and TRGB distances. This allowed us to calibrate the TFr with minor distance uncertainties (σ dist = 0.07 mag, instead of σ dist = 0.41 mag when using Hubble flow distances).
First, we present a slope-independent perpendicular scatter (σ ⊥ ) of the TFr, which describes how tight the data points are spread around the model line. We study the tightness as a function of wavelength for TFrs based on different rotational velocity measures (Section 6.2). We find that the tightness σ ⊥ of the TFr improves significantly from the blue to the infrared bands, but it levels off for the near-infrared bands, with the largest σ ⊥ = 0.043 dex in the H-band and the smallest σ ⊥ = 0.036 dex in the 3.6 µm band, using V f lat as a rotational velocity measure. We find that the latter is not consistent with a zero intrinsic perpendicular scatter indicating that the measured σ ⊥,obs can not be completely explained by the measurement errors (see Section 6.3). Nevertheless, the TFr based on the 3.6 µm luminosities and V f lat provides the tightest constraint on theories of galaxy formation and evolution. Indeed, such a tight correlation between the 3.6 µm luminosity of a galaxy with the velocity of the outer most point of the rotation curve suggests an extremely tight correlation between the mass of the dark matter halo and its baryonic content. Certainly, 3.6 µm light has been considered as the best tracer of the total stellar mass of galaxies which dominates the baryonic mass. However, many observational studies have shown that not only old stars, but also hot dust and AGB stars might contribute to this light, up to 30% in some cases. We have shown that the observed tightness and scatter of the TFr can be somewhat reduced if the 3.6 µm light is corrected for non-stellar contamination (see Section 6.3). More studies should be done to further investigate this effect, using a larger sample of galaxies for which the decomposition of the light into old stars and contamination can be performed.
An obvious next step in studying the tightness of the TFr is to measure the slope, scatter and tightness of the baryonic TFr (BTFr) and compare this with measurements derived for the 3.6 µm band. This approach introduces more uncertainties related to estimating the stellar mass. For instance, Papastergis et al. (2016) found a larger perpendicular scatter of the BTFr, even though they considered a sample of heavily gas-dominated galaxies for which uncertainties in stellar mass are less significant. That study was done using only W i 50 as a rotational velocity measure. A forthcoming paper will discuss the statistical properties of the BTFr with resolved Hi kinematics.
Next, we study the slope of the TFr as a function of wavelength, using W i 50 , Vmax and V f lat (see Section 6.2). We confirm the results of previous studies (Aaronson et al. 1979; Tully et al. 1982; Verheijen 2001) , that the slope of the TFr steepens toward longer wavelengths by broadening the study over a wider wavelength range. The steepening of the slope results from the fact that redder galaxies are much brighter than bluer galaxies at longer wavelengths. Galaxies that are bright in the infrared tend to rotate more rapidly. Therefore, at longer wavelengths the high-mass end of the TFr will rise faster than the low-mass end. In addition, we find that the TFr based on V f lat as a rotational velocity measure has the steepest slope in every photometric band. Massive galaxies tend to have declining rotation curves with Vmax > V f lat (see Section 4.1, Figure 6 ). If V f lat is used as a rotation velocity measure, bright galaxies have lower velocities than when measured with W i 50 and/or Vmax. This difference reduces the velocity range over which the galaxies are distributed. This effect steepens the slope of the TFr as well. Similar results were found by Verheijen (2001) and Noordermeer et al. (2007) . Moreover, the use of V f lat "straightens" the TFr and removes a possible curvature in the TFr at the high-mass end (Neill et al. 2014; Noordermeer & Verheijen 2007) .
Subsequently, we discussed the vertical scatter (σ) of the TFr as a function of wavelength, using three rotational velocity measures (see Section 6.2). It is well known, that the vertical scatter of the TFr is strongly dependent on the slope. Thus, even an intrinsically tight correlation can be found to have a large vertical scatter if the slope is steep. The vertical scatter of the TFr is mostly discussed in the context of determining distances to galaxies. We find the smallest vertical scatter in the r-band, using W i 50 as a rotational velocity measure, confirming the result found by Verheijen (2001) . Moreover, we find that the vertical scatter in the 3.6 µm band (σ = 0.39mag) to be lower than previously reported by Sorce et al. (2012) for the 3.6 µm band (σ = 0.44mag), and by Neill et al. (2014) for the 3.4 µm band (σ = 0.54 mag). These comparisons are done using W i 50 as a rotational velocity measure. Besides, we find σ to be smaller when using W i 50 as a velocity measure for the F U V and optical bands (F U V − z). For the infrared bands (J to 4.5µm), σ is smaller when the TFr is based on V f lat . This result suggests that σ in the infrared bands is less sensitive to the slope steepening with V f lat .
We searched for a second parameter that can possibly help to reduce the vertical scatter of the TFr. We considered the residuals of the TFrs (∆M λ -V f lat ) in every band (see Section 6.4) and find no significant correlations between the residuals of the TFrs and main galactic properties (SFR, central surface brightness, outer slope of the rotation curve, morphological type and i − [3.6] colour, see Figure 14) . Even though the U V bands show hints for correlations between the residuals and some of the global properties such as SFR (see Figure 13) , no correlations are found in the red bands. This suggests that these correlations are triggered by different stellar populations in early-type and late-type galaxies of the same UV luminosity and not by the difference in V f lat governed by the dark matter halo. Lastly, it is important to mention that we do not find any correlation between the TFr residuals ∆M [3.6] -W i 50 and the colour term i − [3.6] (Pearson's coefficient r = 0.1), contrary to the result reported previously by Sorce et al. (2012) .
As was shown by Sorce & Guo (2016) , the size of the sample may have a significant impact on the scatter of the TFr. Therefore, it is necessary to point out that the limited size of our sample might contribute to the uncertainties in the slope, scatter and zero point of the TFrs. However, it is very expensive to establish a large sample of spiral galaxies which have both independently measured distances and resolved Hi kinematics. Nonetheless, this challenge will be possible to meet with the Hi imaging surveys that are planned for new observational facilities, such as Apertif (Verheijen et al. 2008) , MeerKAT (de Blok et al. 2009 ) and ASKAP (Johnston et al. 2007 ), providing resolved Hi kinematics for many thousands of galaxies. scatter and tightness of the TFrs for this subsample. Even though the number of galaxies is smaller, there is no significant difference in trends compared to results based on the full sample. Table A1 summarises the measurements for the reduced TFr sample.
APPENDIX B: TFRS, USING 2.2H MAGNITUDES
In this Appendix we briefly present the results of the TFrs, based on magnitudes measured within 2.2 disk scale lengths. Figure B1 demonstrates the slope, scatter and tightness of these TFrs. It is clear from the figures, that even though the trends remain the same, the errors on the scatter and tightness significantly increase. Moreover, usage of magnitudes measured within 2.2 disk scale lengths did not decrease the scatter or improve the tightness of the TFrs in comparison with total magnitudes. 
